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Abstract It is shown that colour can only be defined on gauge in- 
variant states. Since the ability to associate colour with constituent 
quarks is an integral part of the constituent quark model, this means 
that, if we want to extract constituent quarks from QCD, we need to 
dress Lagrangian quarks with gluons so that the result is gauge invari- 
ant. We further prove that gauge fixings can be used to construct such 
dressings. Gauge invariant dressed quark states are presented and a 
direct approach to the interquark potential is discussed. Some further 
aspects of dressing quarks are briefly discussed. 



In the naive quark model colour had to be introduced to preserve Fermi statistics for 
the quarks. As such quarks were identified as spin 1/2 particles with an SU(3) colour 
index. This successful, phenomeno logical approach has now been subsumed into Quantum 
Chromo dynamics (QCD). Here the Lagrangian fermion fields also carry an SU(3) index 
which it is natural to view as colour and hence the QCD quarks are generally identified 
with those of the quark model. Of course it is usually understood that this identification 
needs some refinement — the Lagrangian fermions are not gauge invariant and the masses 
of the (light) Lagrangian quarks are about one hundredth of their constituent counterparts. 
However, we will see in this letter that the Lagrangian fermions do not even have a well 
defined colour. Hence the construction of constituent quarks from QCDI^I must start with 
a better understanding of the colour of quarks in QCD. 

The structure of this letter is as follows. We first recall that the QCD colour charge 
is not gauge invariant. We then demonstrate the important property that its action on 
gauge invariant states is gauge invariant. It is then shown that gauge fixings may be used 
to construct dressings with whose help gauge invariant dressed quarks may be built up. 
We will thus show that dressed quarks with well defined colour quantum numbers can be 
constructed in QCD. The rest of the letter is given over to describing some applications 
of such dressed fields. In particular we sketch a new, simple approach to the QCD static 
interquark potential which is based upon dressed quarks. 

Let us now demonstrate our claim that the Lagrangian quarks of QCD have an ill- 
defined colour. The colour charge, Q — Q'^T'^, corresponds to the generator of rigid gauge 
transformations: 

Q = Jd'x (J°(x) - fabcEt{x)At{x)) T« , (1) 

where = —itp'^T^ijj is the matter charge density and Ef = —Fq^ is the chromoelectric 
field conjugate to the vector potential, Af {i = 1,2,3). From this we see that if the structure 
constants are zero, as in QED, then the matter charge density is the sole contributor 
to the electric charge. However, in a non-abelian theory like QCD the charge has an 
additional gluonic component, which reflects the well-known fact that gluons carry colour. 
Unfortunately the colour charge differs from the electric (abelian) one in that it is not 
gauge invariant. This obscures any physical interpretation of the colour of a quark or 
gluon. 
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It might now be thought that this problem is of little import since all we see in 
detectors are colourless hadrons. However, the success of the quark model teaches us that 
hadrons to a good approximation contain constituent objects which obey Fermi statistics. 
Thus, for QCD to describe this physics, there has to be a region where colour can be well 
defined and associated with constituent quarks. 

To determine this region we recall that the gauge invariance of QCD implies that not 
all fields are physical and that it is an example of a constrained theory. Now it is known^ 
that physical states may be characterized by the condition, C^lphys) = 0; where G"", is 
just the non-abelian generalisation of Gauss' law 

G'^{x)^--{D,E,r{x) + JS. (2) 
9 

As with its abelian counterpart, (2) generates local gauge transformations. On physical 
states the colour charge may now, easily with the help of (2), be reduced to the total 
divergence 

Qlphys)-- / d^xd,E,\phys). (3) 
9 J 

Under a local gauge transformation we have Ei[x) —>■ U~^{x)Ei{x)U{x). Restricting the 
transformation U so that at spatial infinity it reduces to unity, we see^^^ that the charge is 
now invariant on such locally gauge invariant states. Let us restate this important result: 
states invariant under local gauge transformations have well-defined colour charges. Since 
the Lagrangian fermions of QCD are not gauge invariant. Gauss' law cannot be applied 
and so this argument does not apply to them. We have learnt that any QCD description 
of constituent quarks must be so invariant. 

The question that we now have to address is how can we construct such a description? 
Clearly wc have to somehow dress the quarks with glue in such a way that the result is 
gauge invariant. We now prove that any gauge fixing may be used to manufacture a 
dressing such that gauge invariant quarks may be constructed. Recall that under a gauge 
transformation the vector potential, Ai, transforms into 

AY = U-^AiU + -U-^diU . 

9 

Note that it follows from this that (^j^') ' = A^^^^. Now given some gauge fixing 
condition, there must exist an A-dependent gauge transformation, which we choose 

^ For further details see Ref. 2; for a discussion of the equivalence of the BRST formalism and this 
characterisation of physical states in terms of Gauss' law see Ref. 3. 
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to call h, such that for an arbitrary field A, xi^^^) ~ 0. We now want to see how h 
transforms under gauge transformations. Consider therefore the gauge related potential, 
. The gauge transformed h now satisfies x{{A^Y ) = 0. If X is a good gauge fixing 
the transformation from any vector potential to the surface gauge choice must be unique. 
This implies that under a gauge transformation we have UhF = h. Armed with this we 
can now demonstrate that such /i's can be used to construct dressings. The combination 

V'dressedla;) = h~^{x)'4){x) , (4) 

is gauge invariant since 

V'dressed ^ V'dressed =^~^(^)t^(a^)t^~^(^)V'(a^) , . 

(5) 

— ''/'dressed l'^) • 

This completes the proof that gauge fixings may be used to build up dressings. We note 
that its converse, i.e., that dressings may be used to construct gauge fixings, was proven 
in Ref. 4. The dressings which correspond to different gauge fixings will, of course, have 
distinct physical meanings. As a simple example of this consider the QED case, where the h 
which transforms a field into Coulomb gauge, i.e., = S^Aj, is he = exp(— ze^jAi/V^). 
This gauge fixing may be used to generate the following gauge invariant description of a 
dressed electron 



^^^{x) = exp ( ' ' {x) ] ipix) . (6) 



iediAi 

This dressed field was argued in Ref. 5 to correspond to a static charge and its propagator 
was proven in Ref. 1 to be infra-red finite if the static mass shell renormalisation point, 
p — (m, 0) is used. Other dressings will correspond to different physical situations. 

In Ref. 4 we presented the extension of (6) to perturbative QCD up to order g'^. In 
general we do not know the transformation into Coulomb gauge in non-abelian theories 
and indeed non-perturbatively the Gribov ambiguity'^^ tells us that there is no such unique 
transformation. Perturbatively, however, we can rotate into Coulomb gauge and one findsli] 
to order 

^c{x) = exp [gv^^^ + g^v^^^ + g^v^^^) ^{x) + 0{g^) , (7) 



where 



d-A- d 
(1) = ^(2) = ^(Ki)'^i] + |[^J-^(i)'^(i)])' (8) 
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and 

d- ( 

^(3) = ^(K2):^i] + lKl)J^(l):^i]] + l[^i^(l):^(2)] + i[^i^(2).^(l)] 

X (9) 

- iKi)>Ki)>^j^(i)]]j > 

and the commutators are the SU(3) ones. This may be systematically extended to higher 
orderst^'-^^. We recall from the above that such dressed quarks have well defined colour 
charges and that they may be combined at separate points, just as in the quark model, to 
form colourless hadrons. 

There is a great deal of literature on charged states in gauge theories (see, e.g., Ref.'s 
7-9). It has been shown that they are non-local and non-covariant and the above dressing 
indeed displays the expected non-locality and non-covariance. This does not mean that 
standard field theoretic techniques cannot be used. In particular the one loop, perturba- 
tively dressed fermion propagator can, we stress again, be renormalised on-shell resulting 
in the conclusion that this dressing is that of a static colour chargel-*^'^!. Furthermore QCD 
vacuum effects, in the shape of the quark condensate, can be incorporated into the prop- 
agator. This yields, in the deep Euclidean region, a gauge invariant, running mass term 
in the dressed propagatort-'^^'-^l, which indicates how one might obtain a constituent quark 
mass for dressed charges. 

Having now proven that only gauge invariant dressed quarks have well defined colour 
charges and having shown that gauge fixings may be used to construct dressings in a 
rather direct way, we wish to conclude this letter by describing some of the more obvious 
applications of the dressed quarks. More detailed discussions of these points may be found 
in Ref. 1. 

The interaction between two static colour charges is generally investigated in terms 
of Wilson loopst^^l. We can, however, more directly recover the interquark potential by 
calculating the energy for a system of two dressed, static quarks as a function of their 
separation. Writing the dressed quark as V'c(y) = ^^"^^^i'iy)-, and taking for static fields 
the Hamiltonian, E. = ^tr J d^zEf, one finds that the interquark potential, V{y — y'), 
corresponding to a quark and anti-quark at positions y and y' is 

V{y-y') = - J d'xtv{0\[Et{x),vMEt{x),v,{y'm, (10) 

where the trace is over the (anti-Hermitian) colour matrices and the commutators are the 
canonical equal time ones between the chromoelectric field and the potential: 

[E^{x), A'^iy)] = iZ^'5,j5ab5{x - y) . (11) 
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with Z3 the gluon wave function renormahzation constant. A perturbative expansion for 
the potential now follows directly from the perturbative description of the static dressing 
(7), and to order we immediately recover the usual Coulomb interaction. Note that 
knowing the dressing to order is sufficient to determine the potential to order g'^. The 
form of the explicit expressions (8) and (9) for the dressing to this order shows that the 
contribution to the potential only involves projections of the free gluon propagator 
along with the known results for Z3 to this order. This should be contrasted with the 
Wilson loop approach where a one loop perturbative calculation must be inserted into the 
contour integral around the static loop. In general it may be seent^l that this more direct 
calculation involves additional calculations to one loop less than the standard method and, 
of course, the contour integral and associated large T (length of the Wilson loop in the 
time direction) limit are not present at all. This is because of our knowledge of the dressing 
and it makes higher order calculations of the potential significantly easier. 

The dressings we have explicitly considered above have corresponded to static charges 
and been based upon transforming into Coulomb gauge. The use of a different transfor- 
mation permits us to build up dressings for non-static charges. To lowest order in g we 
find for small velocity, v, that'll 

Mx) = exp ( Z^'^^ +Z-^- ) V(^) , (12) 

where v is the velocity of the charge. Following Ref. 5 it may be seen that the electric 
and magnetic fields associated with (12) are indeed those of a moving charge up to order 
V. Dressings appropriate to relativistic quarks may be found elsewhere t^^. It would be 
interesting to study the implications of such dressings for moving fields for both jet physics 
and the heavy quark effective theory '■'^^1 . 

The connection between gauge fixings and dressings has a further important conse- 
quence in QCD. Although, as we have seen, perturbative dressings can be constructed 
corresponding to a wide class of quark states, a non-perturbative dressing would require 
a non-perturbative gauge fixing. In QED and in spontaneously broken non-abelian gauge 
theories such gauge fixings may be built upt^^^. However, in QCD the Gribov ambiguity^^l 
precludes the existence of a non-perturbative dressing. This means that no asymptotic 
quark state may be constructed, which is consistent with experimental results. 

This approach opens various routes to the determination of hadronic scales from 
QCD. One can, for example, construct a Wilson loop type operator using the dressed 
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quark fields and see where the Gribov ambiguity first appears. It should be noted here 
that the Gribov ambiguity on the lattice seems to be additionally complicated by lattice 
artifacts [^^1. Alternatively one can directly calculate the interquark potential, as discussed 
above, and see where it first becomes energetically favourable for the dressing of a mesonic 
state to no longer factorize into a product of constituent dressings. Although these ideas 
will entail non-perturbative calculations, we feel that new approaches in a field as thorny 
as confinement are to be welcomed and that these suggestions may be eventually fruitful. 

In conclusion we have seen that the colour charge is only defined on gauge invariant 
states. Such quark states have been constructed perturbatively and we have seen that 
there is a non-perturbative obstruction to their formation. 

Acknov^ledgements: MJL thanks project CICYT-AEN95-0815 for support and the Uni- 
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